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Porous Pd42.5Cu30Ni7.5P20 bulk glassy alloy rods with porosities up to 71% were
successfully prepared by water quenching in a 15 MPa hydrogen atmosphere, followed
by heat treatment in a supercooled liquid state. Pores with sizes up to 80 m were
homogeneously distributed over the whole cross-sectional area. Under compressive
deformation, the porous alloys with porosities exceeding 41% did not show
macroscopic fracture in a wide compressive strain range up to 0.6. Mechanical tests
with porous alloy rods whose pores are anisotropically oriented indicate that the
plasticity of the porous alloy is strongly affected by stress concentration factor.
I. INTRODUCTION
Porous metallic materials are known to have combi-
nations of unique mechanical, thermal, and acoustic
properties.1,2 They have been applied as structural mate-
rials, shock absorption materials, sound absorption ma-
terials, filter materials, and so on.3 On the other hand,
bulk glassy alloys such as Mg-,4 La-,5 Zr-,6,7 Cu-,8 Pd-,9
Fe-,10 and Co-based11 alloys are known to have excellent
mechanical properties: high strength, low Young’s
modulus, large elastic elongation, as well as high corro-
sion resistance.12,13 By the combination of unique char-
acteristics of porous alloy with bulk glassy alloys, we can
synthesize metallic materials having new properties that
cannot be obtained in monolithic bulk glassy alloy and
porous crystalline metals. Up until now, porous bulk
glassy alloys have been successfully developed by sev-
eral research groups. Schroers et al.14 first reported the
synthesis of closed-pore–type porous bulk glassy alloys
by using the decomposition of B2O3 hydrate in Pd-Cu-
Ni-P alloy. We presented the synthesis of open-pore–
type porous alloys by melt infiltration using NaCl pre-
foam15 in Pd-Cu-Ni-P and closed-pore–type porous alloy
by water-quenching in a high-pressure hydrogen atmos-
phere in Pd-Cu-Ni-P alloys.16,17 Later, Brothers et al.18
synthesized porous bulk glassy Zr-Nb-Al-Cu-Ni alloys
by casting around hollow carbon powder and by melt
infiltration with BaF2 salt pre-foam.19,20
As shown in our previous papers,16,17 we have devel-
oped a water-quenching technique in a high-pressure hy-
drogen atmosphere for producing porous alloys that en-
ables us to control the porosity and pore size. The present
article presents the synthesis, structure, and mechanical
properties of porous bulk glassy Pd42.5Cu30Ni7.5P20 alloy
containing fine pores in a wide porosity range and with
different pore geometries.
II. EXPERIMENTAL PROCEDURE
A Pd-P binary master alloy with nominal atomic
composition of Pd60P40 was prepared using pure Pd
(99.95 mass%) and phosphorous (98 mass%) in a quartz
tube at 1323 K. A Pd-Cu-Ni-P alloy ingot with nominal
atomic composition of Pd42.5Cu30Ni7.5P20 was then pro-
duced by arc melting the mixture of Pd-P pre-alloy and
pure Pd, Ni (99.9 mass%) and Cu (99.99 mass%) metals
in an argon atmosphere, followed by B2O3 flux treat-
ment. Porous Pd42.5Cu30Ni7.5P20 bulk glassy alloys with
a diameter of 8 mm and a length of approximately 60 mm
were produced by holding Pd-Cu-Ni-P alloy at 863 K
under a 15 MPa hydrogen atmosphere for 4 h to solve
hydrogen uniformly in the alloy melt, followed by water
quenching the alloy melt to form a glassy alloy contain-
ing fine hydrogen pores. For the control of the porosity,
a softening phenomenon in the supercooled liquid state
to expand the hydrogen pores was applied using an in-
frared image furnace (QHC-P610C; Ulvac Technologies,
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Metheun, MA) at a heating rate of 5 K/s. The pore-free
Pd42.5Cu30Ni7.5P20 alloy rod with a diameter of 8 mm
and a length of 50 mm was also produced by a water-
quenching technique in a 0.1 MPa argon atmosphere.
The glassy structure was examined by x-ray diffractom-
etry (XRD; RINT2200; Rigaku Instruments, Tokyo, Ja-
pan) and transmission electron microscopy (TEM; JEM-
2010; JEOL, Tokyo, Japan). Porous structure was exam-
ined by optical microscopy (BH; Olympus, Melville,
NY) and scanning electron microscopy (SEM; S-800;
Hitachi, Tokyo, Japan). Thermal stability and crystalli-
zation behavior of the supercooled liquid were examined
by differential scanning calorimetry (DSC6200; Seiko
Instruments, Tokyo, Japan) at a heating rate of 0.67 K/s.
Porosity was calculated from density data measured by
an Archimedean method using pure water at room tem-
perature. Mechanical properties under a compressive
load were measured with a conventional mechanical test-
ing machine (4204; Instron, Norwood, MA). The test
specimens had a cylindrical shape of 3 mm in diameter
and 6 mm in length and a rectangular shape of 3 mm in
width, 3 mm in thickness, and 6 mm in height. The initial
strain rate was 5 × 10−4 s−1.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the outer shape and longitudinal
cross-section of the porous Pd42.5Cu30Ni7.5P20 alloy pre-
pared by holding the Pd-Cu-Ni-P melt at 863 K for 4 h in
a 15 MPa hydrogen atmosphere, followed by water
quenching. Figure 1(b) shows a SEM micrograph of its
transverse cross-section. It is seen that fine spherical
pores are homogeneously distributed in the whole trans-
verse cross-sectional area. Figures 1(c)–1(e) shows longi-
tudinal cross-sections of top, middle, and bottom posi-
tions in the porous alloy rod with a length of approxi-
mately 60 mm. These SEM micrographs reveal that pore
size and distribution are independent of the position in
the rod. The average pore size, pore density, and inter-
pore distance were estimated to be 9.5 m, 42,000 mm−3,
and 30 m, respectively. Figures 2 (a) and 2(b) show
high-resolution TEM and SEM micrographs of porous
alloy in an as-quenched state. It shows a maze-like pat-
tern corresponding to a typical glassy structure and no
contrast due to a crystalline phase is observed, in spite of
high chemical affinities between the constituent elements
of the alloy and hydrogen.
It is found that the porous alloy prepared at high hy-
drogen pressure contains a high density of fine pores that
are filled with high-pressure hydrogen. A subsequent an-
nealing treatment in the supercooled liquid state in an
evacuated atmosphere is expected to cause a significant
expansion of pores. Figure 3(a) shows the relationship
among the annealing temperature, annealing time, and
porosity for the porous alloys prepared by water quench-
ing in a 15 MPa hydrogen atmosphere. A continuous
increase of porosity is observed before crystallization
occurs. This is believed to result from the expansion of
hydrogen gas in the pores, which occurs when the vis-
cosity of the supercooled liquid state gets lower. When
FIG. 1. (a) Outer surface and longitudinal cross-section and (b) transverse cross-section and longitudinal cross-section at higher magnification of
(c) top, (d) middle, and (e) bottom position in the porous bulk glassy Pd42.5Cu30Ni7.5P20 alloy rod with approximately 60 mm in length in
as-prepared state.
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supercooled liquid starts to crystallize, the viscosity rap-
idly increases, and this prevents the porosity from in-
creasing further. Figure 3(b) shows a microstructure of
the porous alloy annealed at 657 K for 210 s. The dis-
tribution of pores is very uniform over the whole cross-
sectional area, and the average pore size is measured as
80 m. Figure 4 shows the XRD patterns of the porous
alloys with different porosities after heat treatment in a
supercooled liquid state. All XRD patterns exhibit only
broad diffraction peaks, and no sharp peaks correspond-
ing to a crystalline phase are observed, indicating that
these porous Pd-Cu-Ni-P alloys are fully composed of a
glassy phase.
FIG. 2. (a) High-resolution TEM and (b) SEM of porous bulk glassy
Pd42.5Cu30Ni7.5P20 alloy in as-prepared state.
FIG. 3. (a) Relationship among the annealing time, temperature, and
porosity of porous alloys prepared by the heat treatment in a super-
cooled liquid state. (b)Transverse cross-section porous alloy prepared
by annealing at 657 K for 210 s. The porosity is 71%.
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Figure 5 shows compressive stress-strain curves of the
porous alloys with porosities of 20%, 41%, and 60%. The
porous alloy with a porosity of 20% has a 0.2% proof
stress of 1100 MPa and a large plastic strain of 0.28. On
the other hand, the porous alloys with porosities of 41%
and 60% exhibit lower 0.2% proof stress and much larger
plastic strain. No macroscopic fracture is observed even
after a large nominal strain of 0.6 for both the porous
alloys. The flow stress gradually increases in the high
nominal strain range of 0.3 to 0.4. The porosity was
reduced from 41% to 10% after 0.6 compressive strain
deformation, suggesting that the increase of flow stress at
the high nominal strain is because of the densification
phenomenon in the porous alloys, not because of the
strain-hardening. This feature may also be related to in-
homogeneous deformation mode attained. The absorp-
tion energy in the plateau flow stress region is calculated
to be 75 MJ/m3 for the 60% porosity alloy, being larger
than that for the pore-free alloy and other crystalline
metallic foams.1 Figures 6(a) and 6(b) reveal outer
FIG. 4. X-ray diffraction patterns of the porous alloys with different
porosities prepared by the annealing treatment in a supercooled liquid
state.
FIG. 5. Nominal compressive stress-strain curves of the porous bulk
glassy alloys with porosities of 20%, 41%, and 60%. The inset is
plastic flow region showing serration phenomenon.
FIG. 6. Scanning electron micrographs of porous alloy subjected to
the 0.6 nominal plastic strain deformation. (a) Whole appearance and
(b) longitudinal cross-section. Undeformed sample is shown in (a) for
comparison.
T. Wada et al.: Effect of volume fraction and geometry of pores on mechanical properties of porous bulk glassy Pd42.5Cu30Ni7.5P20 alloys
J. Mater. Res., Vol. 21, No. 4, Apr 20061044
surface appearance and longitudinal cross-section of the
41% porosity alloy subjected to the 0.6 compressive
strain deformation, respectively. From these morpholo-
gies, one can figure that high-porosity porous alloy has
plastically deformed pore geometries. It is reported that
glassy alloys have high bending plasticity when the
sample dimension is smaller than the critical value.21,22
In the porous alloy with high porosity of 41% and 60%
studied in this work, the pore walls seem to be thin
enough to have high bending plasticity, resulting in an
enhancement of macroscopic plasticity. In addition to
this, microcracks linking pores are observed in Fig. 6(b).
These microcracks may be the reason for the serration
flow phenomenon in the plastic deformation region.
We further investigated the influence of pore geometry
on the mechanical properties of the present porous bulk
glassy alloys. The porous bulk glassy alloys containing
anisotropically oriented pores were prepared by homo-
geneous deformation treatment in the supercooled liquid
state. Figure 7 shows a cross-sectional structure of the
porous alloy subjected to the uniaxial compressive de-
formation with a reduction ratio of 60% at 593 K, which
is 20 K higher than the thermally detected glass transition
temperature. The cross-section of the pores has an ellip-
soid shape with an aspect ratio of about 1:3. From this
deformed sample, two kinds of compressive test samples
were prepared by mechanical machining: one includes
the pores with longitudinal direction, which is parallel to
the applied stress axis, and another includes the pores
with longitudinal direction, which is normal to the ap-
plied stress axis. Hereafter, the former sample is called
“P-sample” and the latter is “N-sample.” Figure 8 shows
nominal compressive stress-strain curves of P- and N-
samples. One can recognize significant differences be-
tween P- and N-samples. That is, the P-sample has higher
0.2% proof stress than the N-sample over the whole po-
rosity range. It should be noted that the plastic strain of
the N-sample increases with increasing porosity, whereas
FIG. 7. Scanning electron micrograph showing cross-sectional struc-
ture of porous alloy subjected to the uniaxial deformation in the su-
percooled liquid state.
FIG. 8. Nominal compressive stress-strain curves of porous alloys, including pores with the longitudinal direction which is (a) parallel and
(b) normal to the applied stress axis.
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no distinct plastic strain is seen for the P-sample in the
entire porosity range. The stress concentration effect
caused by spherical and ellipsoidal pores in a large solid
has been studied by Goodier23 and Edwards.24 Accord-
ing to their results, the most significant compressive
stress is applied at the side of spherical and ellipsoidal
pores when compression load is applied far from the
pore. The stress concentration factor at the side of the
pore is affected by the aspect ratio of ellipsoid of pore. In
the case of pore geometry studied in this work, the pore
in N-sample has much larger stress concentration factor
compared with that in the P-sample and the spherical
pore sample. Figure 9 shows SEM micrographs of the
deformed P- and N-samples around a pore, together with
the data for the spherical pore sample. The P-sample has
no shear-bands even after the final fracture, whereas the
N-sample has higher density of shear-bands at the side
pore wall where the stress concentration effect is most
significant. These results suggest that the high plasticity
of the porous bulk glassy alloys seems to be dominated
by the stress concentration factor around pores, which
can be controlled by the pore geometry.
Thus, it was demonstrated that the introduction of fine
pores into bulk glassy alloy can control strength level,
Young’s modulus, and plasticity as we expected. The
unique mechanical characteristics of the porous bulk
glassy alloys may expand application fields of bulk
glassy alloys as structural materials, light-weight mate-
rials, high-energy absorption materials, biomedical ma-
terials, and so on.
IV. SUMMARY
We have investigated the synthesis method as well as
the influences of the volume fraction and the geometry of
pores on the mechanical properties of porous bulk glassy
Pd42.5Cu30Ni7.5P20 alloys with different porosities and
pore geometries. The results obtained are summarized as
follows: (i) Porous Pd42.5Cu30Ni7.5P20 bulk glassy alloys
with pore sizes below 80 m in a wide porosity range up
to about 70% were successfully prepared by holding the
alloy melt under a 15 MPa hydrogen atmosphere fol-
lowed by heat treatment in a supercooled liquid state; (ii)
the porous bulk glassy alloys with porosities of over 41%
show very high compressive deformability. No macro-
scopic fracture was observed even a large nominal com-
pressive strain of 0.6; and (iii) The high plasticity of the
porous bulk glassy alloys seems to be dominated by the
stress concentration factor around pores, which can be
controlled by the pore geometry.
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